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of the FFH/MFSK MWR systems employing the above-
mentioned detectors is investigated and compared.
II. SYSTEM MODEL
.
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.
Fig. 1. Paradigm of multi-way relaying schemes, where the solid and dashed
lines represent the multi-access and broadcasting channels, respectively.
In this section, we introduce the principles of our proposed
FFH/MFSK MWR scheme, which uses one relay to serve all
the other users. The schematic diagram of the FFH/MFSK
MWR is shown in Fig. 1, where one relay R is located at
the center of K users exchanging information. The system is
operated in two phases (or two time-slots), multiple-access
and broadcasting, based on half-duplex. During the multi-
access phase, all the K users transmit synchronously their
FFH/MFSK signals to the relay. The equivalent complex low-
pass signal transmitted by user k, k ∈ {1,...,K}, can be
formulated as
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where P denotes the transmission power per dimension, L
represents the number of time chips used for conveying one
M-ary symbol and Th is the chip duration, while ϕ
(k)
l denotes
the random phase generated from carrier modulation. In (1),
the time domain pulse-waveform ψTh(t) is deﬁned within
[0,Th), which is normalized to satisfy
R Th
0 ψ2
Th(t)dt = Th.
Furthermore, in (1), the frequency f
(k)
l is jointly determined
by the FH address and data of user k in the way as [13]
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where Xk denotes the M-ary symbol transmitted by user k,
1 1 1 is an all-one vector of length L, a a ak = [a
(k)
0 ,a
(k)
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is the unique FH address assigned to user k, where a
(k)
l is an
element of the Galois Field GF(M) [10], while ⊕ denotes the
addition operation in GF(M). After the MFSK modulation,
in (2), the elements of y y yk are mapped to the corresponding
frequencies f f f(k) = [f
(k)
0 ,f
(k)
1 ,...,f
(k)
L−1].
From the multiple-access channels, the signal received by
the centred relay is given by
R(t) =
K X
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L−1 X
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where h
(k)
l represents the channel fading gain with unit
variance, which is assumed to obey the independent Rayleigh
distribution with respect to the indexes l and k, N(t) denotes
the additive white Gaussian noise (AWGN) with single-sided
power spectrum density (PSD) of N0 per dimension. Note that,
the carrier phase ϕ
(k)
l seen in (1) has been absorbed into h
(k)
l
in (3).
Without channel estimation, the relay obtains observations
from square-law detectors [15]. The normalized observation
Rml with respect to the mth, m ∈ {0,...,M −1}, frequency
tone and the lth, l ∈ {0,...,L−1}, chip can be expressed as
Rml =
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where Nml is the normalized Gaussian noise sample dis-
tributed with mean zero and a variance σ2
r = LN0/Es, where
Es = LPTh is the energy per symbol. In (4), δ(a,b) is an
indicator function deﬁned as δ(a,a) = 1 and δ(a,b) = 0,
if a 6= b. In (4), {h
(k)
l } and Nml obey complex Gaussian
distributions. Hence, it can be shown that the square-law
detector’s output Rml follows exponential distribution with a
mean given by Kml + σ2
r, where Kml, Kml = 0,1,...,K,
denotes the number of users activating the mth frequency tone
within the lth chip.
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a1 = [2,6,5,4]
a2 = [1,4,7,2]
a3 = [5,7,0,3]
a4 = [3,5,1,4]
Fig. 2. Time-frequency matrices operated at the relay.
Using Rml for m = 0,...,M − 1 and l = 0,...,L − 1
as entries, the relay can form a (M × L) TF matrix R R R,
as shown in Fig. 2, where M rows correspond to the M
frequencies and L columns to the L chips of a symbol. During
the broadcasting phase, the relay forwards the information
received from the multiple-access phase to the K users by
sending them the TF matrix R R R. However, in the TF matrix R R R,
the maximum number of entries per column activated during
the multiple-access phase is K. Hence, in R R R, there are possibly
many entries having not been activated by any users and
these entries are only constituted by noise and not necessary
to be forwarded during the broadcasting phase. Furthermore,
forwarding directly the soft information of the entries in R R R
is resource wasteful. For this sake, the relay can carry out
certain decision, in order to form a binary TF matrix in the
form of R R RT, as shown in Fig. 2. Speciﬁcally, in this paper,
the threshold-based detection is employed by the relay to